Many liquid crystal display television sets (LCD TVs) end up in the waste stream today. The combination of hazardous materials such as mercury and liquid crystal, and the labor-intensive disassembly of LCD TVs, make the recycling process interesting to automate. However, since there are so many manufacturers the variation of LCD TVs is high, making automation a challenge. Today's most common automatic process utilizes shredders, resulting in degradation of recycled material and possible decontamination of machine equipment. This paper aims to investigate the challenges related to the structural design of LCD TVs for an automatic dismantling process for the recycling of LCD TVs. The challenges identified during the empirical study were related to the mixture of materials, inhomogeneous materials, thin design, separation of the different components and finding a suitable dismantling sequence without unnecessary removal of components.
Introduction
There are numerous electrical and electronic equipment (EEE) products which end up as waste in Europe today. The amount of collected EEE waste in 2010 was in total 3.61 million tons [1] . One subgroup of EEE waste is consumer equipment, and the amount of discarded products in 2010 was 640 thousand tons [1] [2] . One of these consumer products is the liquid crystal display (LCD) television (TV), which contains liquid crystals and can contain mercury [2] . Common automatic LCD TV recycling processes in Europe consist of shredding followed by sorting and separation processes [3] . To cope with the mercury vapors released the shredding system needs to be fitted with systems [4] . However, the highest concentration of mercury which can be found in the cold cathode florescent lamps (CCFLs) of the LCD TVs is amalgamated to the electrodes in the CCFLs, and not found as vapors [5] . This makes it difficult to extract all of the mercury from LCD TVs using the shredding process. Another way to recycle LCD TVs is to disassemble them by hand; however, this is labor intensive and the operators are at risk of inhaling mercury vapors if the disassembled LCD TVs contain broken CCFLs [6] . The inability of the shredding process to remove amalgamated mercury and the labor-intensive disassembly makes it interesting to find a new way to automate the dismantling of LCD TVs. There are automated dismantling and disassembly systems found in the research literature that are capable of disassembling products such as LCD TVs and LCD monitors. The system utilizes flexible and complex grippers and tools to be able to remove the components with some minor damage [7] [8] . However, the structural design of LCD TVs is challenging due to the wide variation of manufacturers and the constant product development. This makes it important to investigate if there are any challenges related to the structural design of today's LCD TVs.
Methodology
During the work for this paper a literature review was performed, as well as an empirical study where 12 LCD TVs were disassembled. 12 TVs were chosen for disassembly as this was the number of TVs available at the time of the analysis. In the literature the number of analyzed TVs ranges from 11 to 41 [9] [10] [11] . The LCD TVs were collected in 2013 from a recycling center in Linköping, Sweden. A recycling center is where visitors can discard waste, e.g. large-sized household equipment, hazardous wastes and EEE waste [12] . The reason for collecting TVs from the recycling center was to be able to get samples from the present waste stream in Sweden. No effort was put into collecting specific brands, models or sizes; the only feature which was prioritized was that the TVs were LCD TVs.
Liquid crystal display television
The development of TVs began with the cold ray tube (CRT) TV at the end of the 19 th century [13] . Between 2000 and 2005, CRTs were replaced by LCD technology [14] . Besides the TV application, LCD technology is used in e.g. calculators, mobile phones, and laptop computers [14] .
Structural design of LCD TVs
In the research literature, the structural design of LCD TVs is described in one general way as illustrated in Figure 1 , but with two main designs of the lighting units. The two lighting unit designs are direct-illuminated in an LCD light box (Figure 2 ) or edge-illuminated in an LCD module ( Figure 3 ) [14] [15] [16] . The general design can be described as a stack of components.
The design of newly manufactured LCD TVs contains light-emitting diodes (LEDs) [17] instead of the CCFLs. Among the twelve LCD TVs analyzed in this empirical study, only one had en edge-illuminated LCD module with LEDs. 
Direct-illuminated design with a light box
A direct-illuminated LCD TV with a light box contains a set of CCFLs placed directly behind the screen, as shown in Figure 2 . Between the screen and the CCFLs are a set of diffuser sheets which spread the light evenly onto the screen [15] [16] . Components not illustrated in Figure 2 are: power supply cables to the CCFLs; printed circuit boards for controlling the screen; flexi foils for connecting the LCD screen to the printed circuit boards; holders for the CCFLs between the CCFL end points; and the fixating screws. Fig. 2 Exploded view of the structural design of an LCD light box (modified from Ryan et al. [9] and McDonnel et al. [5] ).
Edge-illuminated design with an LCD module
The general design of an LCD module is illustrated in Figure 3 . The light is illuminated by the CCFLs or LEDs into the long-sides of the light guide. The light is further distributed to the LCD screen via the light guide and diffuser sheets. The reflection sheet directs light traveling from the screen towards the screen instead [5, 9] . Only one long-side can be utilized to illuminate the LCD screen to make the structural design of LCD TVs even thinner [18] . Components which are not shown in Figure 3 are the power supply cables to the CCFLs, the printed circuit boards for controlling the LCD screen, the flexi foils for connecting the LCD screen to the printed circuit boards, and the fixating screws. The LCD module in a TV is similar to an LCD desktop monitor; the difference is the size. 
Mercury content in CCFLs
The number of CCFLs to expect in an LCD TV can vary, depending on, among other things, the structural design. The direct-illuminated LCD TV can contain up to 82 CCFLs [19] . More common numbers of CCFLs are between 2 and 28 lamps [5, [20] [21] [22] [23] . The amount of mercury in a CCFL used in LCD TVs ranges from 0.1mg per lamp to 10mg per lamp, depending on the author [5, 14, 19, [23] [24] [25] . The span of mercury in TV CCFLs is expected to be due to differences in size, the amount of mercury fitted into the CCFLs when manufactured, the hours used, and how the measurement was performed. Industrial references state that the amount of mercury in CCFLs is less than 3mg per lamp [26] [27] . The number of CCFLs and the amount of mercury per lamp means that the amount of mercury may be more then 300mg per LCD TV [13] . The amount of mercury evaporated into the air when CCFLs are broken has been studied by Elo and Sundin [6] . They conclude that the mercury vapors from CCFLs can be high right after opening an LCD TV for disassembly if there are broken CCFLs inside. The highest concentration measured was 0.250mg/m 3 . This value can be compared with the mercury vapor thresholds allowed in the working environmental in e.g. Sweden, which is 0.1mg/m 3 . However, since the high levels are reduced rapidly in a well-ventilated working environment, there are no working environment problems as long as the ventilation works properly.
Recycling processes for LCD TVs
The two common general recycling processes for recycling LCD TVs are a semi-automatic shredding process and manual disassembly process [4] . In shredding process there is usually manual sorting or disassembly steps of components such as removal of cables [28] . Such shredding process is illustrated in Figure 4 . To be able to sort the different materials after the shredding processes several sorting processes can be utilized; include magnets, density and mechanical separations like jigging [28] . Since LCD TVs with CCFLs contain mercury, the systems are fitted with ventilation systems for managing the mercury vapors [4] .
There are alternative processes to the shredding process for opening LCD TVs and LCD desktop monitors. One such process presented by Elo et al. [29] is a circular saw cutting process; here, the LCD TVs are not shredded but instead opened, and the components are sorted into respective material fractions. This process results in less damage to the components, and the CCFLs do not break during this process as long as the cut is not made in the CCFLs themselves [29] . O'Donoghue et al. [30] also utilize an alternative technology to shredding, namely a cutting process with a circular saw or a slot mill.
Challenges with LCD TV recycling
Several authors have identified challenges with the recycling of LCD TVs: LCD TVs may contain the hazardous mercury [31] . The components in LCD TVs are becoming more integrated and contain less material (sleeker) compared to older TVs [17, 32] , which makes recycling challenging since recyclers get paid on a recycling weight basis. With more work for less weight, there is less economic motivation for recycling LCD TVs which are sleeker. There is a lack and difficulty to obtain of information about the material content of LCD TVs [11] . The weight distribution between the different materials in LCD TVs varies, but the types of materials are generally the same [16, [32] [33] [34] There are also challenges specifically associated with utilizing automated processes in the recycling industry. Some of the challenges are: many different products; low productspecific volumes; products that are not designed for disassembly; general problems with the reverse logistics of materials to the recycling plants and variations in the quantity of products arriving at the recycling plants [35] . However, despite the challenges with automation in the recycling industry and the challenges with the recycling of LCD TVs, there are some factors motivating automatic recycling processes for recycling LCD TVs. One motivation is that the automatic process can be more cost-effective and with higher productivity; another motivation is the reduction of human contact with the hazardous material mercury during the recycling [36] . 
Analysis of the structural design of LCD TVs
During the empirical study related to this paper the 12 LCD TVs presented in Table 1 were analyzed. None of the analyzed LCD TVs contained broken CCFLs. Table 1 . The LCD TVs used during the empirical study. The column "Year" represents the year of manufacturing. The years marked with * are estimated since this information was not labelled on the TVs. The sizes of the LCD TVs presented in the column "Sizes" are all in inches, measured diagonaly accross the screen [37] 
Structural design differences in LCD TVs
In the empirical analysis it was found the older LCD TVs contained a higher number of CCFLs, while the newer TVs were larger in size. To keep the illumination at a good level, the number of CCFLs also needs to increase with the screen size. However, the ratio of CCFLs per TV size was lower for newer LCD TVs than for older TVs. This shows that the overall development trend of LCD TVs is that they are getting larger and that CCFLs are being used more effectively used. For all the LCD TVs investigated, the structural designs were in detail different from each other. There are also differences between the LCD TVs from the same manufacturer. However, the overall design with components and purpose of the components was similar, which was also found by other researchers [5, 9, 13-15].
Challenges identified when conducting the empirical structural design analysis
During the empirical study some interesting observations were made. In general, the LCD TVs follow the structural design presented in the literature. There are, however, some structural design features which would cause challenges for an automatic dismantling process. The following challenging features have been identified during the empirical study.
The inhomogeneous material content in the LCD TVs makes it difficult to plan a cutting path with one feeding rate for a cutting tool like a circular saw or a slot mill with optimal setting. The inhomogeneous materials make is necessary to change the feed rate or the rotation speed to optimize the cutting process, depending on the material content. An example is the structural design feature with the metal plate reinforcing the LCD TV stands, which will make it necessary to decrease the feeding rate to be able to decrease the wear of the cutting tool.
The mixture of materials will make the settings of a cutting tool difficult to optimize. An example is the case when cutting with a circular saw in both plastic and metal. To cut in plastic the rotation speed needs to be lower than for metal to prevent the plastic from melting and sticking to the cutting tool and making it malfunction. However, tests have shown that the thin plastic covers and the metal sheets combined makes cutting with a circle saw plausible. This is because the metal sheet cleans the circular saw of the melted plastics stuck to the saw. The cutting process was adjusted to fit the cutting of metal [37] .
The sandwich construction and thin design of LCD TVs make the fixation of the TVs challenging. If some of the sides of the TVs are the location for applying a dismantling tool, then the fixation needs to be applied on the front side of the back side. The fixation cannot be applied on both sides at the same time, due to the splitting of the LCD TV along its sides. This also leaves one side of the split LCD TV loose and uncontrolled after dismantling. Another related issue is the integration of materials. One example is the aluminum sheets holding the LED in LCD TV No. 12 in Table 1 , which was integrated with the LEDs. The LED strip and the aluminum sheet were glued together, making separation of the LEDs and the aluminum difficult.
Another challenge is to find the component location and where one component ends and another starts when the components are located side by side, are of the same material and have the same shape. Some of the structural design features are made to look seamless between components, an example is the edge where the front plastic frame and the plastic back cover meet each other on LCD TVs.
A final challenge identified is to find a suitable dismantling sequence. In some cases there is a need to remove components, but in others not before the valuable materials and components together with the hazardous CCFLs for the dismantling. The challenge is to find the optimal dismantling sequence to reach the CCFLs and other valuable materials and components without unnecessary removal of components. The CCFLs are prioritized to be removed due to the mercury, which needs to be separately treated.
In summary, the following five main challenges related to the structural design of LCD TVs have been identified during the empirical analysis of the twelve LCD TVs:
Machining through inhomogeneous materials Machining through a mixture of materials Fixating the thin sandwich construction Locating the components Finding a suitable dismantling sequence

Discussion of potential solutions to the challenges found in the empirical structural design analysis
During the empirical study it was revealed that inhomogeneous materials and the mixture of materials in LCD TVs makes optimization of machining challenging. One way to cope with these challenges is to collect information about the materials during the machining of the LCD TVs and feedback the information to the machining system. Examples of such feedback systems are force feedback and momentum feedback systems. The feedback systems will change the machining parameters, depending on e.g. the material thickness and composition. By using force or momentum feedback, it will make the process more complex and expensive to invest in. Another approach is to scan or x-ray the LCD TVs before machining to collect knowledge about the materials inside the TVs. This will also make the investment cost higher compared to a system without this equipment. Still another approach, without adding complex processes, is to utilize the structural design features which are the most suitable for a dismantling process. An example is the use of a process where the local variation of material is lowest in the structural design of the LCD TV. Examples of where the material composition is low in an LCD TV are along the long and short-sides, where the construction is mostly made of plastics and metal. A further suitable location which has a low material composition is the LCD screen where the material composition is mainly glass and plastics. This structural design feature has been utilized by O'Donoghue et al. [30] for cutting open LCD TVs and getting access to the CCFLs.
The thin structural design of the LCD TVs was found in the empirical study to make fixation challenging due to the need for holding the components in place while dismantling. The challenge is to be able to not fixate the components for disassembled, fixate the remaining components and in the same time not damage any component. By using a vacuum gripper on one the front or back side of the TVs will fixate the TVs before the opening, but the components will be lose after the opening and needs to be controlled so the CCFLs are not damage by lose components. An initial trial of a vacuum fixture for fixation of an LCD TV in the LCD screen has been tested by Elo et al. [37] . The vacuum fixture was able to hold down the LCD TV during the process, and none of the CCFLs were damage during the trials.
When the location of components of the same material and of the same design fit close to each other, as the lesson from the empirical study shows, even manual disassembly becomes challenging. The edge between the components can easily be confused with other edges which are used for esthetical purposes. This challenge is difficult to address and can be avoided by making the slitting of the components in other locations than where the components were united during assembly. The drawback is the need for making new points of separation, which takes time.
The final challenge found during the empirical study, to optimize the dismantling sequence, will be possible to manage with manual disassembly experience. Another approach is to use a flexible, automatic system which adapts to the product and performs a disassembly or dismantling. This type of approach needs a complex system with sensors and equipment to gather information about the product. The system needs to gather information for each product and will not learn from previous products. The complexity of this type of system can be lower, but it depends of the complexity of the product disassembled. If an automatic dismantling system can use structural design features which are general for all LCD TVs, or nearly all TVs, then the complexity will decrease for the dismantling system. This is because the structural design features will be used, and the information which needs to be gathered will be reduced. This will also decrease the complexity of the automatic dismantling system.
The challenges found in the empirical study are plausible for LCD TVs designed with a light box or module, since EEE products are continually are being developed and introduced.
The literature contains little information about alternative automatic processes beside the shredding process. Some of the exceptions are: Seliger et al. [7] ; Kernbaum et al. [8] ; Franke et al. [10] ; and O'Donoghue et al. [30] . Since the valuable materials are getting more expensive, the economic motivation for alternative processes for recycling of materials should become more interesting for the recycling industry.
Conclusion
The following challenges related to the structural design of LCD TVs for an automatic dismantling process have been identified; The inhomogeneous materials and the mixture of materials make the machining of LCD TVs challenging. Another challenge is the thin design of the LCD TVs, making fixation difficult. The different component location vary, depending on LCD TV, is another challenge. The final challenge identified is to find a suitable dismantling sequence without unnecessary removal of components.
Future research
The research the to this paper will continue with an investigation of what substances released to air during the processes of opening LCD TVs. Substances of particular interest are dioxins and those related to the liquid crystals in LCD screens. The research will also continue with investigating and testing potential solutions on the challenges identified in this paper.
